HISTORICAL AND GLOBAL SIGNIFICANCE OF CORNEAL TRANSPLANTATION AND FACTORS ASSOCIATED WITH HIGH IMMUNOLOGICAL RISK
=================================================================================================================

The landmark report by Eduard Zirm in 1905 of a successful full-thickness corneal transplant in a 45-year-old farm laborer with lime burn preceded, by several decades, the subsequent successes of vascularized organ transplants.^[@R1],[@R2]^ Following the introduction of topical corticosteroid therapies in the 1950s, corneal transplantation (keratoplasty) has become established as the primary sight-restoring procedure for corneal blindness in developed and developing countries.^[@R3]^ Furthermore, while partial-thickness (lamellar) keratoplasty has now become the preferred transplant procedure for many corneal disorders,^[@R4]^ full-thickness allograft remains the most frequently utilized treatment worldwide for corneal conditions associated with significant stromal opacity or vascularization such as bacterial, fungal, or viral infections; severe atopic disorders; ocular trauma and prior graft loss. Corneal opacity is reported to be between the second and fourth most common cause of blindness globally, but its prevalence in different geographical regions is poorly understood and is probably underestimated.^[@R3],[@R5]^ In India alone, the number of individuals with unilateral corneal blindness is projected to increase to \>10 million by 2020.^[@R3],[@R6]^ In contrast to other causes of blindness, a relatively high proportion of those affected are young, with approximately 20% of childhood blindness attributed to corneal disorders.^[@R5]^ Bilateral corneal disease resulting in total loss of vision is especially common in the developing world.^[@R3]^ Thus, the potential societal impact of global progress in preventing corneal disease and restoring sight for individuals suffering from corneal blindness is substantial.

In contrast to other forms of allogeneic transplantation, corneal allografts are often perceived as having high long-term success rates and little requirement for systemic or lifelong immunosuppression. Notably, however, the successful keratoplasty performed by Zirm in the absence of immunosuppression was carried out on the same day as other corneal transplants, which failed to achieve lasting clarity (including a graft to the contralateral eye of same recipient)---leading the pioneering surgeon to contemplate the risk factors responsible for graft acceptance or failure.^[@R1]^ Since then, outcomes analyses for tens of thousands of full-thickness and lamellar corneal transplants have consistently demonstrated that long-term functional graft survival rates are high for recipients of first transplants with noninflammatory corneal disease such as keratoconus and other corneal dystophies.^[@R7]^ However, other recipient subgroups experience substantially poorer long-term outcomes.^[@R7]^

Immunological rejection and its prevention or avoidance lies at the center of corneal transplant prognosis. Specific risk factors for corneal allograft rejection have been well recognized for decades and are generally used to place potential transplant recipients into low- or high-risk categories to decide whether or not to proceed with transplantation and which immunosuppressive regimen to employ.^[@R8]^ In "high-risk" corneal transplant recipients, rejection episodes occur in 30%--60% of grafts and up to 70% fail within 10 years despite local or systemic immunosuppressive therapy.^[@R7]-[@R9]^ Common mechanistic features among these factors that may specifically increase the risk of rejection are heightened alloimmune response and/or increased access of the recipient immune system to the corneal tissue and cornea-derived antigens (Table [1](#T1){ref-type="table"}). Nonetheless, the extent to which these factors represent independent risks for rejection is not well documented and it seems likely that some mediate adverse effects on corneal transplant survival through nonimmunological mechanisms. Furthermore, as is clear from Table [1](#T1){ref-type="table"}, some of the commonly-reported risk factors for rejection and/or graft failure may be interlinked---for example, inflammatory diseases (including rejection of a prior transplant) may promote the formation of new blood and lymph vessels, which subsequently amplify alloantigen presentation and trafficking of immune cells into the graft to trigger rejection.

###### 

Frequently cited factors contributing to high risk for immunological rejection of corneal transplants and their putative mechanisms
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With the accumulation of new knowledge from clinical follow-up analyses and basic science investigations, it is pertinent to ask to what extent these insights have been incorporated into the clinical management of high-risk corneal transplants and to what extent new knowledge has the potential to impact care globally. For example, apart from the assignment of risk level based on the number of corneal quadrants with neovascularization, the clinical use of rejection risk scores or calculators is uncommon. In a recent retrospective study of full-thickness corneal transplant outcomes across a broad risk spectrum, Tourkmani et al determined the predictive value of each component of a 7-factor risk score system for graft failure at 1 year posttransplant. Although limited by cohort size and only focused on host risk factors, the study demonstrated independent predictive value of only 3 of 7 factors: ocular hypertension, ocular inflammation, and corneal neovascularization.^[@R10]^ Given the persistently poor outcomes for high-risk corneal allografts and the critical need for expansion of corneal transplantation in the developing world, it is clear that additional research to improve risk prediction, link it to specific immunological or nonimmunological mechanisms and evaluate targeted posttransplant management protocols is an important priority. To be consistently accurate among diverse patient populations, risk scores may need to take into consideration the underlying cause of corneal disease. It is noteworthy that, while a large proportion of the global burden of sight-threatening corneal disease stems from infection and other highly inflammatory conditions,^[@R3],[@R6]^ much of the detailed risk and outcomes research in corneal transplantation has come from developed countries in which noninflammatory corneal diseases are proportionately more common.

In the remaining sections of this review, we summarize recent advances in knowledge and technology that may be of relevance to the future development of approaches to improve outcomes for corneal transplants at high risk for immunological adverse events linked to poor long-term graft survival.

RECENT REGISTRY AND MULTICENTER OUTCOMES DATA FOR HIGH-RISK CORNEAL TRANSPLANTS
===============================================================================

Registry-based data document corneal transplant outcomes on a large scale that is free from single surgeon or center bias. This is particularly important for understanding the effects of practice trends over time on the frequency and outcomes of high-risk transplants. Three important graft registries that provide public outcome data are the Australian Corneal Graft Registry (ACGR), the Swedish Corneal Transplant Register (SCTR), and the UK Transplant Registry (UKTR). The ACGR issues intermittent comprehensive reports with a level of detail beyond that otherwise published and compares risk factors for graft survival via multivariate regression modelling. The most recent ACGR report (2018) included data from 33 920 transplants carried out between 2000 and 2017 and, along with recent outputs from the SCTR,^[@R11]^ UKTR,^[@R9]^ and other data repositories,^[@R12],[@R13]^ has provided several important insights into the current rates of corneal transplant success for specific high-risk categories.

Recipient Cornea Neovascularization
-----------------------------------

The ACGR report confirms that presence and extent of recipient cornea neovascularization is associated with reduced graft survival. Survival of full-thickness transplants at 4 years in the absence of neovascularization was 83% compared to 73%, 66%, 63%, and 50% for 1-, 2-, 3-, and 4-quadrant neovascularization, respectively.^[@R7]^ In contrast, a 2015 report from the UKTR did not find neovascularization to be a risk factor for rejection of transplant for Fuchs endothelial dystrophy (FED) or pseudophakic bullous keratopathy (PBK), although full-thickness and lamellar transplants were combined in this analysis.^[@R9]^ These results suggest that, even for a well-established risk factor such as neovascularization, there is more to be learned about the underlying pathophysiology and independence from other risk factors for individual transplant indications. For example, in a prevascularized mouse model of high-risk corneal transplantation, it was demonstrated that selective inhibition of (clinically invisible) new lymphatic vessels was sufficient to abrogate the increased allograft rejection associated with neovascularization.^[@R14]^ From a global perspective, it is likely that the pathophysiological basis and risk-modifying effects of neovascularization following infectious and traumatic causes of corneal disease (which are highly prevalent in the developing world) differ from those associated with dystrophic and noninfectious inflammatory conditions, which constitute the major indications for transplantation in the developing countries that generate the majority of registry data.

Repeat Transplantation
----------------------

Outcome statistics from the past 5 years confirm that retransplantation following failure of one or more corneal allografts to the same eye is associated with high-risk for graft loss regardless of the primary corneal disease.^[@R7],[@R11],[@R15]^ Within the ACGR, average survival at 4 years for a first ipsilateral full-thickness transplant for the low immunological risk condition keratoconus was 95%. This reduced sequentially with subsequent grafts (second, 86%; third, 71%; fourth or subsequent, 56%).^[@R7]^ Recent UKTR data are closely consistent, with 5-year survival of full-thickness transplants for keratoconus being 92% for the first graft compared to 79% for second; 54% for third and 42% for fourth or more.^[@R15]^ Similarly, SCTR data reported failure rates in retransplants to be 17% at 2 years compared to 6% for first transplants.^[@R11]^ Of interest, the ACGR reports that 2 or more preceding grafts in the contralateral eye is an independent risk factor for failure.^[@R7]^

Other Host Factors
------------------

Recent data from the ACGR and the USA Cornea Disease Study highlight the significance of inflammation/steroid use and raised intraocular pressure (IOP)/glaucoma before transplantation as important risk factors for reduced graft survival.^[@R7],[@R13]^ For example, average survival of full-thickness corneal transplants at 4 years was 85% compared to 58% for presence or absence of pretransplant inflammation/steroid use and 81% compared to 55% for normal or raised IOP, respectively.^[@R7]^ Similarly, the USA Cornea Disease Study reported 10-year failure rate among 1090 full-thickness transplants for FED or PBK to be 58% if there was a history of glaucoma at the time of transplantation compared to 22% without.^[@R13]^ As noted above, these 2 risk factors were also shown to be independent of corneal neovascularization for prediction of 1-year graft failure by Tourkmeni et al.^[@R10]^ A recent study from the UK involving 5-year outcome analysis of over 18 000 full- and partial-thickness corneal transplants confirmed that donor-recipient gender matching was associated with superior graft survival and, for some indications, with reduced rejection.^[@R16]^ Although the effect of gender matching was attenuated for some high-risk indications, the finding supports the longstanding immunological concept that indirect presentation of minor histocompatibility antigens (such as the male H-Y antigen) plays a dominant role in corneal transplant rejection.^[@R16]^

Perhaps surprisingly, the efficacy of HLA matching in high-risk corneal transplantation remains undetermined.^[@R17]^ In the 1990s, the US based Collaborative Corneal Transplantation Studies failed to demonstrate the efficacy of HLA matching but it was subsequently recognized that the serology-based tissue typing used in the study differed from molecular technique typing in 55% of the cases. Nonrandomized studies typically show a beneficial effect of HLA typing, and HLA matching is still performed in high-risk corneal transplantation at some European centers. In the UK, a prospective, longitudinal clinical trial (CTFS-II) aimed at determining the influence of HLA class II matching (by DNA-based technique) on time to first rejection of high-risk full-thickness corneal transplants has recently completed its enrolment and follow-up and will undoubtedly shed more light on this question.^[@R17]^ Recent studies also support a role for recipient polymorphisms of genes including thrombospondin-1, which are involved in the immune response and regulation of angiogenesis in the anterior eye, in determining rejection risk.^[@R18]^

Surgical Factors
----------------

Increased surgeon volume, higher rate of surgeon follow-up, and graft diameter between 7.75 and 8.5 mm were all shown to have independent positive effects on corneal transplant survival in the ACGR.^[@R7]^ In contrast, peripheral iridectomy or anterior vitrectomy at the time of transplantation were not found to be independent risk factors for graft failure.^[@R7]^ The effect of lens status remains less clear. In the ACGR, absence of the lens (aphakia) before or after full-thickness transplantation was associated with reduced graft survival, while lens status was not found to be a significant risk factor for failure in the Cornea Donor Study.^[@R7],[@R13]^ These recent results suggest that, similar to solid organ transplantation, surgeon experience and ongoing specialized follow-up play an important role in the long-term success of corneal allografts. The relative success rates for full-thickness and partial-thickness/lamellar corneal transplants for specific indications and risk categories remain a topic of intense interest among ophthalmic surgeons worldwide and is discussed in more detail below. It should be noted, however, that recent registry reports also provide an important source of noncenter-specific data regarding outcomes for the different transplant procedures.^[@R7],[@R15],[@R19]^

Despite the clear value of registry studies for understanding transplant outcome trends and risk factors for graft loss, it must be acknowledged that data reporting to large national or international registries may be inconsistent in regard to key indices such as diagnosis of rejection and may also become less informative over time due to loss of follow-up.^[@R20]^ Strikingly, the most recent ACGR report provides long-term graft survival data for relatively small numbers of transplants performed for the indications of trauma (638; 2.5%), corneal ulcer (495; 2.0%), and nonherpetic infection (445; 1.8%), rendering the risk factor analyses for these globally common indications less clinically useful.^[@R7]^ Thus, there is also a need for more single- and multicenter prospective studies in which large numbers of corneal transplant recipients are longitudinally followed with a high degree of accuracy and clinical detail.

DEVELOPMENTS IN SURGICAL PROCEDURES AND THEIR IMPLICATIONS FOR HIGH-RISK CORNEAL TRANSPLANTS
============================================================================================

Until the late 1990s, full-thickness corneal transplantation was by far the dominant procedure regardless of the type and extent of corneal disease. Since then, several new surgical approaches have been developed to minimize the transplanted volume of corneal donor tissue and, although small, the number of transferred donor antigen presenting cells (APCs).^[@R4]^ These partial-thickness/lamellar corneal transplant procedures have gained widespread acceptance for low-risk conditions. However, their advantages and disadvantages under high-risk conditions and in regard to the impact of immunological rejection are less well established. Figure [1](#F1){ref-type="fig"} illustrates the basic anatomy of the cornea and the configurations of the most commonly used transplant procedures. In the following sections, we review some of the most recent clinical research studies involving lamellar corneal transplant procedures. While these studies have primarily involved corneal diseases with relatively low levels of inflammation and rejection risk, the as-yet-unproven potential for lamellar grafts (and other innovations derived from them) to reduce the frequency or severity of acute rejection under high immunological risk conditions represents a critical area for knowledge growth in the coming years.

![Illustration of the structure of the healthy cornea and the configurations currently in use for full thickness (penetrating keratoplasy) and posterior and anterior partial thickness (lamellar keratoplasty) corneal allo-transplantation.](tp-103-2468-g002){#F1}

Treatment of Endothelial Failure
--------------------------------

The integrity of the corneal endothelium is essential for maintenance of corneal transparency as it regulates fluid balance between the aqueous humor and corneal stroma. Human corneal endothelial cells have no or very limited regenerative capacity, rendering the endothelial layer particularly vulnerable to dysfunction. Corneal endothelial failure may occur as a result of FED---a bilateral, hereditary, progressive disease of the posterior cornea^[@R21]^---or as a result of secondary bullous keratopathy following intraocular surgery and inflammation. As an alternative to full-thickness transplantation for corneal endothelial failure, partial-thickness/lamellar transplantation (also called endothelial keratoplasty), performed as Descemet stripping automated endothelial keratoplasty (DSAEK) or Descemet membrane endothelial keratoplasty (DMEK), has gained widespread popularity over the past 10 years.^[@R4]^ In these procedures (as illustrated in Figure [1](#F1){ref-type="fig"}), the recipient corneal endothelium and subendothelial (Descemet's) membrane are removed in an 8--9 mm diameter and a donor graft consisting of endothelial cells on Descemet's membrane (in DMEK) or supported by 50--200 µm corneal donor stroma (in DSAEK) is transplanted to the anterior chamber, unfolded and attached to the posterior side of the recipient cornea.^[@R4]^ Although these procedures were mainly developed to accelerate visual rehabilitation, reduce corneal astigmatism, and preserve the integrity of the eye, both techniques also significantly reduce the amount of transplanted allogeneic tissue. In DMEK, theoretically, no donor APCs and only a single layer of donor endothelial cells are transferred to the recipient.

Recent retrospective studies provide evidence that DSAEK or DMEK may have lower rejection rates than full-thickness allografts. For example, among 200 transplants performed for FED, graft rejection episodes were reported in 16% of full-thickness and in 5% of DSAEK recipients up to 2 years after surgery.^[@R22]^ Similarly, in 168 corneal allografts for secondary bullous keratopathy, the 4-year rejection rates for full-thickness and DSAEK recipients were 15% and 4%, respectively.^[@R19]^ In a single-center study of 905 DMEK recipients, rejection episodes were rare with estimated probabilities at 1, 2, and 4 years of 0.9%, 2.3%, and 2.3%.^[@R23]^ Importantly, however, there have been no randomized, controlled clinical trials to definitively compare the short- and long-term outcomes of DSAEK/DMEK and full-thickness corneal allografts for endothelial failure under low- or high-risk conditions and such definitive studies are clearly needed. A further refinement in the treatment of corneal endothelial failure could be the injection of ex vivo-expanded corneal endothelial cells into the anterior chamber. In a potentially ground-breaking study, it has recently been shown that injection of allogeneic corneal endothelial cells that had been culture-expanded in the presence of a rho-associated protein kinase inhibitor safely restored corneal clarity and endothelial density in 11 patients with bullous keratopathy.^[@R24]^

Treatment of Stromal Disease
----------------------------

In corneal stromal diseases with a presumed normal endothelium (eg, keratoconus, stromal dystrophies, corneal scars after trauma, or infection), anterior lamellar (stroma only) transplantation preserves the recipient endothelium and has the potential to reduce rejection and graft failure.^[@R4]^ Although there are no prospective randomized trials to support this approach, retrospective analyses comparing outcomes to full-thickness corneal transplants provide encouraging results.^[@R25]^ Furthermore, a technique for surgical baring of the recipient Descemet's membrane has recently been developed (Figure [1](#F1){ref-type="fig"}) and, in a randomized clinical trial of this technique, the visual outcomes for full-thickness and anterior lamellar transplants were similar.^[@R26]^ Using synthetic stromal tissue could potentially eliminate immunological failures and the need for immune-suppressive medication after corneal transplantation. Although not yet introduced into routine clinical practice, biosynthetic implants have been administered in subjects with corneal stromal disease and they have been shown to remain stably integrated and avascular for 24 months after surgery in the absence of corticosteroid therapy.^[@R27]^ Other approaches to manufacturing "biocornea" substitutes for human corneal tissue such as fish scale-derived collagen matrix are in preclinical testing and may eventually provide a nonimmunogenic alternative to corneal transplantation for high-risk diseases of the stroma.^[@R28],[@R29]^

Lamellar Transplantation for High-risk Corneal Transplantation
--------------------------------------------------------------

A key question in regard to lamellar transplants is whether the potential immunological benefits of reduced graft immunogenicity---specifically whether partial-thickness transplants may be less susceptible to rejection than full-thickness transplants---are applicable to high-risk conditions in which a lamellar graft is technically feasible. The circumstance in which this has been most clearly evaluated is retransplantation following failure of one or more full-thickness transplants.^[@R30]-[@R33]^ In a case series from 6 tertiary referral centers from Europe, the US, and Asia comprising 246 DSAEK lamellar transplants carried out following failure of a full-thickness transplant, Mitry et al observed a failure rate of 19% with a median follow-up time of 17 months. In this series, a history of acute rejection in the prior transplant was common (63%) and increased the risk for subsequent acute rejection post-DSAEK. In total, acute rejection of the lamellar graft occurred in 17% of cases and was the single strongest risk factor for graft failure.^[@R31]^ This important report indicates that acceptable results can be achieved with lamellar corneal transplantation in a high immunological risk setting but emphasizes the fact that, even with a reduced burden of new alloantigens, acute rejection will remain a significant limiting factor. A further note of caution can be found in the results reported by Keane et al in a study from the ACGR, which compared clinical characteristics of subjects retransplanted after failure of a first full-thickness graft, who received either a second full-thickness transplant (n = 335) or a DSEK/DSAEK lamellar graft (n = 65). In this report, retransplantation with a lamellar graft was associated with significantly poorer graft survival in an adjusted multivariable analysis. Graft survival was also negatively impacted by occurrence of one or more rejection episodes.^[@R30]^ A key message from these retrospective studies in which the influence of unmeasured and uncontrolled clinical decision-making cannot be accounted for is that randomised clinical trials will be necessary to fully understand whether lamellar transplants are associated with reduced immunological risk.

Other Corneal Replacement Approaches
------------------------------------

In patients with repeated failed corneal transplants or deficiency of the corneal epithelium-regenerating limbal stem cells (LSCs), implantation of a fully artificial cornea (keratoprosthesis) may overcome immunological barriers and the need for a viable corneal recipient epithelium. The Boston type I keratoprosthesis, which is assembled around a corneal donor graft and the Osteo-Odonto-Keratoprosthesis, which consists of a prevascularized tooth and bone cylinder implanted into the anterior eye, have both been successfully applied as transplant alternatives in no-option patients with corneal blindness.^[@R4],[@R34]^ In severe unilateral corneal injury with total LSC deficiency and conjunctivalization of the cornea, a 2-step procedure involving replacement of the LSC population by grafting of ex vivo-cultured autologous LSCs to restore the epithelial surface followed by full thickness corneal allotransplantation has been recently reported by Figueiredo et al in 23 recipients with encouraging outcomes.^[@R35]^ This strategy builds upon the pioneering work of Pelligrini and others between the 1990s and the present to develop successful ex vivo-cultured LSC transplant procedures for severe corneal burns.^[@R36]^

CURRENT PRACTICE AND RECENT CLINICAL TRIAL EVIDENCE FOR TOPICAL AND SYSTEMIC IMMUNOSUPPRESSION IN HIGH-RISK CORNEAL TRANSPLANTATION
===================================================================================================================================

Strategies to prevent and treat corneal transplant rejection vary widely, particularly in high-risk recipients. The universal use of topical corticosteroids for the first 6 postoperative months is likely to be the principal reason for the low frequency of rejection during this period. In high-risk transplant recipients, topical corticosteroids are typically continued indefinitely at a low dose to mitigate the risk of rejection, but the use of systemic immunosuppression remains more variable. A 2011 survey conducted by The Cornea Society found that 30% of surgeons routinely use systemic corticosteroids to prevent rejection in high-risk recipients and 48% use topical cyclosporine A (CsA).^[@R37]^ For the treatment of rejection, 69% of survey respondents favored systemic corticosteroids and 56% prescribed topical CsA, whereas only 5% used oral noncorticosteroid immunosuppression.^[@R37]^ Such variations in clinical practice are reflective of the lack of consensus on the optimum approach to the prevention and treatment of rejection in high-risk corneal transplantation.

The efficacy of mycophenolate mofetil (MMF), CsA, and rapamycin (sirolimus) in the prevention of high-risk corneal transplant rejection has been evaluated in a small number of clinical trials (Table [2](#T2){ref-type="table"}). In a prospective, randomized, multicenter trial comparing MMF (1 g twice daily for 6 mo) to standard treatment with topical corticosteroids and 3 weeks of postoperative oral steroids in 98 high-risk corneal transplant recipients, MMF was associated with superior rejection-free graft survival over approximately 3 years of follow-up (83% versus 64.5%; *P* = 0.044).^[@R40]^ The overall graft survival did not differ but rejection-related failure was considerably higher in the control group. In keeping with this, a systematic review concluded that MMF might reduce the risk of rejection by approximately 50%.^[@R44]^ More recently, Szaflik et al in a prospective 2-year study of MMF therapy, compared with an equal number of non-MMF-treated retrospective controls, reported that MMF decreased the risk of rejection in high-risk corneal transplantation from 31% to 3%.^[@R43]^ MMF has also been compared with rapamycin for high-risk penetrating keratoplasty in a small clinical trial. The 2 immunosuppressive drugs were found to be equally effective at preventing graft rejection but rapamycin was associated with a higher frequency of adverse effects.^[@R39]^ Overall, a persuasive argument exists for the use of MMF in high-risk corneal transplant patients based on these studies. In contrast, a randomized, controlled trial of oral CsA compared to topical corticosteroid alone showed a nonsignificant trend toward a higher rejection rate in CsA-treated high-risk recipients (30% versus 16%) with similar graft survival (45% versus 42%).^[@R42]^ Available clinical trial evidence does not support the use of topical CsA either in the prevention of graft rejection in high-risk corneal transplantation.^[@R41]^

###### 

Summary of recent clinical trials of MMF and CsA for the prevention of rejection and graft failure in high-risk corneal transplantation recipients
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Other systemic immunosuppressants, most notably tacrolimus, have been used for the prevention of rejection in high-risk corneal transplantation with some evidence of efficacy but have not been subjected to randomized, controlled trials in this setting.^[@R8]^ Reversing rejection in high-risk grafts is a significant challenge and there remains a paucity of evidence to support treatment regimens other than the widely adopted combination of intensive topical corticosteroids and systemic prednisolone. In a prospective, randomized clinical trial, Javadi et al reported that no benefit accrued from the addition of topical CsA to topical corticosteroids in the management of acute corneal transplant rejection with regard to duration of treatment, time to resolution of the episode, and number of subsequent rejection episodes.^[@R45]^

To conclude, the reported clinical trials provide evidence of moderate quality that supports the use of MMF in preventing immune reactions in high-risk corneal transplantation but the evidence does not provide enough certainty to support a consensus on optimum therapy.^[@R44]^ Perhaps surprisingly, definitive evidence to guide systemic corticosteroid therapy in acute allograft rejection is lacking whereas systemic noncorticosteroid immunosuppression has no proven role to play in treating rejection. Thus, even as new immunomodulatory strategies are emerging, there is a striking need for well-designed randomized clinical trials to more clearly define the benefits and limitations of conventional topical and systemic immunosuppressive therapies.

DEVELOPMENTS IN BASIC SCIENCE AND ANIMAL MODELS
===============================================

High-risk models of corneal transplantation most often focus on interfering with the avascular status of the cornea. In both the mouse and rat, this involves placing intrastromal sutures into the central cornea of the recipient 7--14 days before keratoplasty.^[@R46],[@R47]^ These intrastromal sutures stimulate the ingress of blood and lymphatic vessels, which allow immune cells to enter the graft and cause accelerated rejection. Alternatively, neovessel formation can be induced by a chemical burn to the recipient cornea.^[@R48]^ Other high-risk corneal transplantation models include preinfection with herpes simplex virus,^[@R49]^ induction of allergy,^[@R50]^ and presensitization of the host immune system with a graft-specific antigen.^[@R51]^ In all cases, the tempo of graft rejection is accelerated in the high-risk setting compared to animals in which no "risk-modifying" method has been employed.

A logical treatment strategy in prevascularized high-risk corneal transplant models is to target the blood and lymphatic vessels, which are trafficking potentially alloreactive immune cells into the graft. Dohlman et al targeted different vascular endothelial growth factor (VEGF) isoforms and found that posttransplant neutralization of VEGF-A to limit hemangiogenesis in a prevascularized mouse model resulted in greater improvement in graft survival than targeting VEGF isoforms involved in lymphangiogenesis. In addition to reducing neovascularization, this VEGF-trap method targeting VEGF-A resulted in reduced graft infiltration by macrophage and T cells.^[@R52]^ In contrast, as previously mentioned, Dietrich et al observed, in a similar prevascularized model, that selective inhibition of neolymphangiogenesis before transplantation abrogated rejection of subsequent allografts despite the ingrowth of new blood vessels.^[@R14]^ More recently, Salabarria et al showed that locally-restricted VEGF depletion increases transplantation success in a mouse high-risk model by modulating the recipient corneal microenvironment and inducing tolerogenic mechanisms.^[@R53]^ Similarly, subconjunctival injection of the tyrosine kinase inhibitor sorafenib, which inhibits VEGF receptor signaling, reduced neovascularization, lymphangiogenesis, and graft failure in a prevascularized mouse model of high-risk corneal transplantation.^[@R54]^ In keeping with these preclinical studies, a case series of human high-risk transplants treated with localized delivery of anti-VEGF-A antibody has also reported promising results.^[@R55]^ Using a different strategy, Hou et al administered a photodynamic therapy after verteporfin injection to reduce the neovascularized area of the cornea before transplantation and observed a significant reduction in blood and lymphatic vessels 1 week after treatment with a subsequent improvement in graft survival.^[@R56]^ Subsequently, the same group demonstrated in the mouse model of suture-induced corneal neovascularization that "cross-linking" of corneal collagen fibers by topical riboflavin and UV A irradiation---a protocol used clinically to reduce the rate of corneal distortion in keratoconus---regressed mature blood and lymph vessel invasion and increased the survival of fully MHC-mismatched allografts.^[@R57]^ Compared to control conditions, this potentially clinically applicable protocol was associated with apoptosis of intrastromal vascular endothelial cells and reduced CD45^+^ immune cell infiltration in the recipient corneas before transplantation.^[@R57]^ Interestingly, in a recent pilot study, fine-needle vessel coagulation combined with bevacizumab treatment has shown promising results to improve graft survival in high-risk transplant patients.^[@R58]^

Corneal tissue contains a resident population of APCs. In the prevascularized setting, these APCs may utilize new vessels infiltrating the graft bed to migrate to draining lymphoid tissue and activate host allo-reactive T cells, beginning a cascade leading to rejection. Recently, Tahvildari et al demonstrated that subconjunctival injection of interleukin 10 and transforming growth factor β to the donor resulted in a more tolerogenic phenotype of donor cornea-resident APCs associated with prolonged allograft survival following transplantation onto a prevascularized graft bed.^[@R59]^ The cornea is also a potential target for gene therapy as it is accessible and is routinely stored for several days in vitro before transplantation. Qin et al devised a strategy whereby CD25 siRNA was administered using a nonviral vector perioperatively. This treatment resulted in reduced immune cell infiltrate and significantly prolonged allograft survival in a high-risk rat model.^[@R60]^ More recently, the safety and efficacy of an ex-vivo gene therapy approach targeting neovascularization has been successfully tested in a rabbit high-risk transplant model.^[@R61]^

Despite the promising nature of recent animal model-based studies of high-risk corneal transplantation, it should be highlighted that few, if any, experimental studies replicate the disease environments of severe bacterial and fungal infection or traumatic and chemical damage to the cornea that drive neovascularization in large numbers of adults and children in developing countries.^[@R3],[@R5],[@R6]^

Other novel approaches and mechanistic insights to high-risk corneal transplant rejection have been recently described in animal models. For example, the future potential for corneal xenotransplantation is supported by the work of Coi et al, which demonstrated significant prolongation of porcine cornea survival in rhesus monkey recipients following anti-CD154 (CD40L) therapy.^[@R62]^ Also in a pig-to-nonhuman primate corneal xenograft model, Vabres et al demonstrated that anterior lamellar grafts from hCTLA-Ig-transgenic pigs had prolonged time to final rejection.^[@R63]^ Fascinatingly, in a mouse corneal allograft model, Paunicka et al demonstrated that the increased rejection rate of second transplants was independent of graft MHC type and laterality but was attributable to substance P release in both eyes that occurred as a result of corneal nerve transection during trephining of the native cornea and inhibited regulatory T cells.^[@R64]^ This work, therefore, reveals a previously unappreciated role for corneal nerves in dictating the immunological outcome of repeat corneal transplants or transplants carried out following previous ocular surgeries.

Cellular therapies may offer the potential to target both neovascularization and immune rejection. As with solid organ transplantation and other immune-mediated conditions, preclinical corneal transplantation has also been a focus for mesenchymal stem/stromal cell (MSC) therapy.^[@R65]-[@R67]^ Promising results have been reported by a number of groups in conventional immunological risk animal models.^[@R65]-[@R69]^ Recently, we have also demonstrated that pretransplant infusions of third-party allogeneic MSC results in substantially improved graft survival in a rat high immunological risk corneal allograft model in which recipients were presensitized by inoculation with cornea donor-derived splenocytes.^[@R70]^ The immunomodulatory effect of third-party allogeneic MSC was shown to be compatible with coadministration of MMF^[@R70]^ and these animal model results have provided the preclinical evidence base for a Phase 1b clinical trial of healthy donor bone marrow-derived allogeneic MSC in high-risk human corneal retransplant recipients ([www.visicort.eu](www.visicort.eu)). Finally, immunotherapy designed to expand regulatory T-cell populations may also hold promise for reducing rejection of high-risk corneal transplants, as demonstrated by Tahvildari et al in preinflamed mouse model in which low-dose interleukin 2 was administered from 3 days before to 6 weeks posttransplant.^[@R47]^

OPPORTUNITIES FOR CROSS-COLLABORATION WITH OTHER FIELDS OF Transplantation
==========================================================================

Many of the challenges and emerging areas of research progress described in the preceding sections in relation to high-risk corneal transplantation have parallels within other fields of transplantation. With increased interdisciplinary collaboration, recent advances in clinical organ transplantation and transplant immunology may well be applicable to recipients of corneal allografts. For example, the risks and benefits of biological agents directed against specific T and B cell targets (eg, anti-thymocyte globulin; anti-CD25, anti-CD20 and anti-CD52 monoclonal antibodies; belatacept and other costimulatory blockers), complement-targeting agents (eg, eculizumab), and small-molecule inhibitors of immunological signaling pathways (eg, JAK-STAT inhibitors and sphingosine 1 phosphate receptor modulators) have been elucidated in clinical trials of organ transplant recipients,^[@R71]-[@R73]^ while comparable data are lacking for high-risk corneal transplants. Similarly, protocols for induction of donor-specific tolerance and for use of immunomodulatory cell therapies have advanced to the clinical arena in organ transplantation in the past decade^[@R74]^ and may be adaptable to specific high-risk indications for corneal transplantation. Finally, taking another example from the field of organ transplantation, further development and application of clinical risk stratification systems, biomarker tests of accessible tissues, and biostatistical models to predict outcomes and guide therapy on a longitudinal basis could be of significant value for the personalized care of high-risk corneal transplants in the future.^[@R75],[@R76]^

KEY KNOWLEDGE GAPS AND FUTURE NEEDS
===================================

Corneal transplantation has an important historical significance in the field of organ and tissue transplantation both from technical and immunological perspectives.^[@R1],[@R4],[@R77],[@R78]^ However, the persistent poor outcomes for high-risk corneal transplants worldwide highlight the need for new initiatives and collaborations within and beyond the field of ophthalmology. As summarized in the sections above and in Figure [2](#F2){ref-type="fig"}, there have been many recent interesting and promising scientific developments with the potential to improve the outcomes of high-risk corneal transplantation. However, apart from the vital insights gained from global epidemiological surveys and regional registries, much of the clinical, translational, and basic research effort remains institutionalized and the output of multicenter clinical trials to address fundamental or novel therapeutic strategies continues to be low. Among the key gaps and needs that we have identified as being critical for realizing the potential to achieve higher long-term graft survival for high-risk corneal transplant recipients, we would highlight the following:

![Representative examples of recently reported, mechanistically informed preclinical and early-phase clinical strategies for improving the outcomes for high-risk corneal allotransplants. VEGF, vascular endothelial growth factor.](tp-103-2468-g004){#F2}

-   Large-scale research projects aimed at developing and validating specific tools to define rejection risk, monitor for rejection, and inform the use of and response to immunosuppressive therapies. Individualization to specific causes of corneal disease and increased attention to transplant indications that are more prevalent in the developing world will greatly increase the global impact of such risk-prediction studies.

-   Robust, multicenter clinical trial initiatives to address unanswered questions regarding donor selection, procedural choice, and optimal immunosuppressive regimens among high-risk corneal transplant recipients. Although it appears clear that currently available systemic immunosuppressive agents have the potential to increase the success rate for corneal transplants with recognized high immunological risk, initiation of such clinical trials and further training of corneal surgeons in the optimal use of potent antirejection drugs will be necessary to consistently and safely achieve this benefit. Inclusion of centers in the developing world may be of critical importance and value in this regard.

-   Multidisciplinary, translational pipelines to more closely tailor preclinical modelling to clinical transplant scenarios and to effectively move promising, novel therapies and management strategies through the clinical trial phases. Additional collaborations between ophthalmologists and relevant experts in translational medicine and biomedical industries are needed to address the current gap between basic and clinical research.

-   Further understanding of the pathophysiology of neovascularization, immunological rejection, and chronic endothelial deterioration of full- and partial-thickness corneal allografts under specific high-risk conditions. Although animal models will undoubtedly continue to identify novel mechanistic insights and targetable pathogenic pathways, innovative clinical research to study local and systemic pathophysiology in human high-risk corneal transplant recipients has great potential to accelerate the pace of exploitable discovery.

The authors are supported by funding from the European Commission (EU FP7 Collaborative Health Project VISICORT \[grant number 602470\]) and by the European Regional Development Fund. M.D.G. and T.R. are also supported by grants from Science Foundation Ireland (Principal Investigator Award to T.R. \[grant number 12/IA/1624\]; REMEDI Strategic Research Cluster \[grant number 09/SRC-B1794\]; CÚRAM Research Centre \[grant number 13/RC/2073\]).

The authors declare no conflicts of interest.

W.J.A., C.G., M.D.G., D.J.G., J.H., P.L., C.C.M., U.P., T.R., D.M.T., and B.V. participated in the writing of the article and approved the final article.

ORCIDs: Matthew D Griffin (0000-0002-8701-8056), David J Gunn (0000-0001-8056-927X), Thomas Ritter 0000-0001-7709-8489.
